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\,tM^msismm^-^ (vcs 

.fclf ( b -2) ox^ (b-1) i^/ 3 ^ 

mX&thxrv-Tk.. ( b-2 ) tttWHMW*** 

m-txT-vrx'h^x. im&wmimizx^xm 

[0001] 

U J: OBiNBtii. SieaaBfflBBKW fWt 
-6. 

[0002] 

[«*coSffi] Stt«8affli8«*^-^CVertic8l-ca 
vity surface-emitting laser :VCSEL)li, *E*<9X«y^ 
affile-** 9»ifc£<*>*WL. ftnXr-SS 

£ixfe<O^tttC±0. VCSEUi, 

mmft¥iX'*m?'<*i> cr >tti:-ox\.^. mux. k.h. 

Hahn, M.R.T.Tan.Jtt/S.Y.WangJi.. "Modal and Intensi 
ty Noise of Large-AreaMultiple-Transverse-Mode VCS 
ELs",Multimode-Optical-Fiber Links, 1994 Conferenc 
e on Optical Fiber Communication - paper ThB3, OFC 

vcsafcttfflriWfcBWil/O**. ^*>U vcselct>? 
-y*y ■ i/-/? (?->*>M5mffl<7)^}) M 

£<0raS«i. C.R.Hirasso, P.Colet.&lf 
M.San Miguel* r 'Dependence of Timing Jitter on Bias 
Level for Single-mode Semiconductor Lasers under 
High Speed Operation", QE-29 IEEE J. Quantum Electr 
on., pp. 23-32 (1993)T\ A.Sapia. P.Spano, C.R.Miras 
so. P.Colet.at^M-San Miguel#"Pattern Effects in 
Timing Jitter of Semiconductor Lasers", 61 Appl.Ph 
ys. Lett., pp. 1748-1750 (1992)T\ &tfT.M.Shentf"Tim 
ing Jitter in Semiconductor Users under Pseudoran 



dom Word Modul ati on" , 7 J . Li ghtwave Technol ogy , pp. 1 

394-1399 amx-mix^h. 

[0003] VCSELc7)^-y^^a®{i. VCSELCD*?* 
X^h. VCSELtf>*7:M.Mi, U-ymfcZ^m-th 

^-?<»i[v9A j±<omzim h SOW h 0 £ 
mvv?***-*^' mutim. #-*-r-'vcsEL 

hl><r>X'h%>. [21Ati. 2oc7)MSiSSt'-v h'*?-y£- 

b- - y w \-? - y i>zmt h?-y* y&&.>&>%r?teXP> 

B#ra«c»14 iWct. HlAi: 1WCJ3 v vC , It* «y r- Otttt 
■4I8K21 nsT-fc 1 ). ifmSSJi. VCSELtOXW 

(L£Wffi) m^^tf^OFF^fcXW 

muiza^x. :o****<«vvfc«, i*voi»*>->fc 
ki (ooooi) cofl^Atia^ixfe^-^^®® 

tzt* (11101) coft^B-C^ix^r^-^^^S 
[0 0 04] HlWi. V^oa^+Ht? W^-^i* 

%&<7)omwK^fz'*?—yx'<Dmw%fflz&t* 
mtm^ - y* ywm&<r>mt . y-y^^is^oait 

ter spread) fcDftffl*. 5^«y 0t= «fc . VCS 

[0005]i*7 *) ommztntX . VCSELIi 

^fc^S*-^''' 5 --^/' (spatialhole burning) <0 
VCSELTtt, 3Wi» a^#F««K*3»t 

S>sa<OlBfflt-(i. vcselUu m-co^'^x 

mitt Lxwktvas *) , b'tt^ow 
-ift**t/c^i. #-3e»twfn*. vcsEn±. 

•yv-H^r-'K/^jSi-Tl'-ifm^^-ti:. U- 
[0006] VCSELti. M.=F#pmt£<7)##:cr)mmtiLlii 

y-yx'm-imzft&.-tz>- ft £ - 
crmmizm^Lx^^vrm^^mt^x. m-ft 

m.<nmi^ wmL&v-yn*&£&2. x f->*&& 



^tt. ^/-yco^f-v 'J rmwfixv -v ^ 3 ^ hot 

IBiSfuSK&S. VCSELT£t*:ft*£te, - 

<i„ vcSEUi®!5t'§'5:< 3 5r«>. 
[0007] VCSEL*«*-3e«i38±t»4fya«K: 

»^^#wi^<-->^^i«^<ofctf>. VCSEL 

if 4X9 ±+*ffM&M&tt h W . £>30 B*icoai 

SELY?tet^**-^«>**aj*tt* 1-2 mW<9® 
BT'£>3>. 
[0008] 

vsmwsm** o t-tzmmi $t-?x . vcsel£»8 

fc % -y fnfeff 0 t/cVCSEL*^h Six6<0 

-f£VCSEL#g;£$ix6. 
[0009] 

tfx *»BBtt. ?-y*y • 5>v*jWK*S3;hj&*o2EI8l 
-r(VCSEL)«Ofm^2:S«t-&i.<0'C'*)2.. 

iffusionenhancing region)J±, ffti&BSiitfl&tw.ko'C 

[0010] lfi»*l5SflW»CJ:->"C. if#PSS«^ 
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[ooii] wwmm&z&i&-$-&&~ vstts^nig 
s>sv^ s.?m s mizmts&tem<o®®z%&Lx 

fcL 8HMIK*J*t6^^H-TiB«(delta-doped reg 
ion)T'$>S. 

[0012] fi£Ucli3$«i*Srm-rSIS. 
heetdennsity)P dope . she .t^T -bT-^^m^T H-t 

d.p...h..ttt. HBP' towTS)*). i;tl,,tt. 
S£giii3SWi:. *$t,„tt>.->"r»l«L, 

#io i9 cm- 3 imthXo. Tf-tTf^tmx-wyg? 

UR ^z£^o&.?#Fmmzz>vzsE1L<?)®m , ^. 

[0013] *^4*fc. ^-y^-y • ftf&m 
sb38*w— f(vcsEDt>«tt-r^>. ^i^-ifti. 

s-efcs. m-<7)$mmit. mntmizmmi,i>"om-*> 
fmmfrhmtix&t). *Lxwmmmm*. &~?> 

x-hh. &im®®mi. wm^mmzk^xmFf-^ 

[0014] fc|jJJM34««{i, «tt«t:Js»t**^#F 

*»t. jjawcti. jtutiiBSrtwwi. &®miza»b?iv 
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[00151 nmmmmm<D^mmmn. a^xf®. 

[00161 *>6U;L ffiifcig&giigKfctt&^tttt 
JEfL^^P'^'lO^cm-^SJlSJ:^. mSPdoeWr 

[0017] 

X{i«^#F«Ji?:HtfvStt«^ffiB$ixS. &tiiM3£ 

tf. S^FfSJStfeftSjEfL^^JKOJtA, 
F^t**5{t & *f -V U TOS@tt(ambi pol ar) JSlfclg 
*^t<Ji^rrs. *^#F«WK:tJ»t**-irUTOW 

[0018] *^HJ(cJ;? > VCSELOif®^^Sfe0IJllSr02 
3 rv -_ ^290— SPSr^-tf VCSELC0^8R®H"C-J> l> . 

Jf»i. T9^.T9^m&XY—^V^h^> 

[0019] ±.m$mmim. WFf-&xv~>2iz^ 
->it±.mmwm*M'?~t:tiiti& u— •r*ate 37/- 



[0020] iSttJl 13<i. A n<7)^tfStf>J?$ t'*> 9 » " " 
litAntt. »^#F«lSl9X'*tfc3tOvS1iS«« 

A s+mzmUh. iSttHtts TS5^7-y K*W31. 

t. 99* FfHttOJMii* *^F«*& t T«KIffli 

ftFfRttOffiiORttM: . 0® * WWW* fcAH2A*» 
PAXmrixX^hV* H2Ctc*L**oJaT*cJ: 98$M£ 

[0021 ] #14. RSBfclBfci OI^FS®^ 
&BJ4. ±95«BBfil7^)3Ty— ^OflWW^KH^- 

[0022] #|&^£«J:£VCSEL<OSS— ^HMMllAS- 
5*Sr«tt«Ttii ttftWMRHU. *^#FMi*19cO^ 

ffawi. ±a5Mffi*i7tft^#F®is^ 

<7)±gB?5 •/ HfBW32fctfev^*?#F1R*fi*»^R5* 
[ 0 0 2 3 ] aac*M3MHl«4«i. ftlRK^T^-fer^^: 

M^F<HJ^Wtf»C«5«B«B«>** t {ctSff-TI> . 

^A; 3g»<0±o s SrIIlfe^7BRtt. ItlWHlfWtr F- 
[ o 0 2 4 ] Mi£ Ltz i d MSriaiM'Cti. &ffc 

s^Jio^o. 1% t rnxntapinfrteiMtt-h i 3 ^mjg 

[0025] JMWrartBMMl^T^-feT-^tt. *F#F 
•C, S J P#FH^t'^%$ix-&iE?L^JK«. 
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[0026] m.=t-#Fmi<>z*iVh*v »j T<mmm> 

-f , x -y * WJ£** o & . 

^^Srt s ,1 fc 2. . ate . sag*-;!** 
«*|6]CJ£IJttT^«fiScaiV-y37<D+3fc<O^V-> 

[0027] Zixi *)*?&ni>z£Z>V(SELcr)1i}M%:m& 

m^^izmaizwmth. T^mmmi5t±^mmm 

s*sco&Si^fc&JBW4fc08Bg#i: ^BS 

M®Sf&iAlGaAs<9«T$>-?T<}:UU ffiJBSf*tf>*H 
K*iAlAstf>JrC*-*TJ:V*. £6^4. AlAsfcGaAsO 

{f)iff;^-f'!' H ^(graded transitio 

-Tv H®J^^titS^ (graded short period super lat 
tice) jW»»iBIBBIOT"C»*S*l*.£ k t> * * . *« 
®^J4. A n/4fcV^-3J?<? SrWLx i^'Anll * 

=F#pmm9X'± tizxtzmi-hmmxm&mmm 

[0028] Wt&XV-VZIIS.. SttJil3A»fe«Hte 

±M&mm**& i m<nft$.X'imvtf:^. wff 
yeanmt* ^fitm o H/C-ev * & n r v- 



s^iiAV- y<v&.m&t%®Mffi<?)mm3X' 
mi&toWi&^WjMz&tfh. mz. m&mva* 

[00293 iStt® 1314. »?#F<W*19rr^tfc** 

«4. *Stt«<DTgB75 r-'«3U4. TS5Mffiill5tfctt 
^ LT t> 4. < , *>"?Ji3&? 9 » KJ13214. ±SPMffl« 

[0030] ft^#F«JSl9(±. imteti. 3^V%L5 
Jfcofi^#F*^«l>. 0204. 3«^*^#FSr#t 
saTtfFfHWO-WfcS"*-. *^#F51{4TgB^7-y 

F53*^^$ttTV^. *^#F57l4±SB^7-y HIS 
J^32tcK« LTES? it. »SS59(Ci o T »^#F53 
3&»^*KS*i.-C^*. =&»^#F{4. JMCttiXfU^ 
Aat#(GaAs)W«-CfcO. #KMS<4. »»t:»±. AlGa 
Asc0JiT'$>S. #i^#Ft4. if5StC«4. ^80AOJP$ 

[0031] *&Wlz£&\CSELCDl8m*i:mfoMUte. 
^Hxtr^ =3f (MBE) Xte*®&JK^ffll&RS;(MO 

Tummmi5Z&fkz-£hzbiz£*)i)Ft>ixz>. 
tf®<7>m^mzMmz&-%i}i£hztit><rMm*. 
mx-mmx-hz. Tummm^^^x^hfs^ 

[0032] 0l|x«4. AlGaAs<?))i$rMBEX«4M0C 

SvS1iJil3cOTa5^ 9 y r-'^iS31 . 5 

•y H^2r^-rSlc{4i6««^^^?raAL^ 

mmmz LXT&?y y h fsts^ift t-c t «k 

(CUT. K-tr^b-CfcJ:^. 

[0033] TS?^7 -y K«l^ia*-£^f9rg?>J?$fcIiJ 
^Lllfco ^f*. ^«cH^<0^»«Jl«S:TSS^ 5 -y 

K««Ji^tt«$-«i:TS^#F^19$r»B£-r2.. 
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jaw*, mi ra^t 
mat Lxtmztiz. f^wtaws^ii??" 

H<B«i:««rt-*k. BJMfc«*>& f iHiU 
[00 3 5] vS1SSl3*Un fcV>dJ9rS:£W£ : frt&<k 

m&h. z.i^^xkmmm<mmmimm 

[0036] 02B»i. #J^iCj:*VCSEL<0#»5rWt 
ijc$\ 02B(7)y-tt^X^-^{i:. ^AcoSK^-'M;: 

«as«i:att«i3ia<^wftt, r?-fer^*»oig 

S^ffl^T«tcJiiirf-l». vS14Si:±^ffiiiS^« 



4. T^-feT^^tt^iaKli. . JdMBIM£*rc*> 

[0037] ±»*> J: o JSftfl»««tttt. iStfUl 
13*>Jf£ftHMW hTJV?V-7m$iX'$>->X£^. t 

#F^$19i> y/Xbn -Al3li*]<7)S14Jil3cO 

[0038] H2C-2M4, ttffiril5ft1Htt41*>ftgeEXfc 

2Cli, »?#Fffi*£l9£^t^1im3^gfrfr£*-f „ » 

£LTBES$*U |^fiJi55tc:<J:-5-C]l^#F53*^^ : «i 
Stttv**. *7#F57ti±gB? 9 -y H«W32fcW* t 
TiES§*U RM59fcJ:oT*?#F53s&»fcflJ l 5JiS 

\t. M^#F19<7)<f -c. 4?#FS5U 53. &tf5W$1- 

li, nW§™z\mth±r>lZ7K%ixX^Z>i)K -f-oft 

[0039] i&m%mmx'\t. * 

jv-PY-yxffi&X'hh. t*>L. 02D^-r<J:olc. IS 
130TS?^ 5 -y KS31(ci4»t?.r/U^ K-rfflttfr* 

mx-hh* 

[0040] l&^iv? H-rssi 0J9^®^J£Sc 
tm&m\t Lxi^b^izm^hzthx-^ i,. @2E 

li. ±28^ 9 -y K^i*32. ^ttfR^RlTTff^ 5 v H 
ffi^31fO-St!^'T ^ -fe r ^ 3T*fi«rC«K K - tf 

=7 -y H«H*03fc+4Tffil^. »^#Fiai*S:Htf i 

7 -y Y&m><V&*&t>±&? 9 -y HfitS+<OJi+iT 
®tXT. &.^pm^i^±-thXoi,zVXi>i^. Ui 

[0041] H2FJi. ±35^ 9 -y H^«32<7)g5^^:ft$- 
T^-fer^TF^T^C H-t*>-^LTa:tS:ti3S^4i 
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*#i(clKT»<'i-icli^ JHF#F<R«194c|SJ--OjE 
[0042] ■ iSv 9 1 2H#-A' 

t v d t £ &<-N£ , 02A{c^ L£»fc#iJ t fflm<ot8& 
ff?:^t^L. iifl4B«Wc»BHU'SrV\ 02A 
[0043] ^EP43t'*L7t^— rmSSEJi. ±SPM®J1 

r y_ y2 9 1 ^-ix^BX 0 HtiHmfcXV- ^27 b omiz 

tilt. mi3Mzl±3T*/->l,z.®MZ1%Z>. 
[0044] ^FaAV->27 1 . ±SP^iSJ117(Ci3tt 
* J: 0 vgtt«213tfO«^#Fffi^219+ 
^_^^O^ft.430«;fr fa^JE** 0 £ RRg-T h . n 

[0045] «ttJiO»?#F««219K:A4 'J T 

mmw.ta v- > £ w o a**»o±awffiflw*<o»f sex 

V— > 270Tt~£> •& S8t V— y (reservo i r zone) {C^E-V 
-CMfcrfS-kti^. Sfefc. 33fel!VCSEL 200te, 



k. *-vUT***HIV-yfc:#BW*ifc*=**. 

[0046] Mr/-^35(csvtr»^ u ros*a 

VCSEL 200CO ? - ^Sffi Wfc-^ ^ CDft 

ty%<r)%ffi£ m-^-HHffiiAVCSEW) 

oXS^t-CiV*. L.A.ColdrenkS.W.Corzine{2\ DIOD 
E LASERS AND PHOTONIC INTEGRATED CIRCUITS, Wiley I 
nterscience. New York (1995)O^5*tCBU^«0^'^ 

2o^=3f y TA^^-frtr J: o 
«s S^aA««27t=«t«>^— T«8S43(0«^ri6l<pRR^ 

dNj/dt= ( 1— a) 771/qV!— (R sp i + 
Rnn) "V g gN p - (N,-N 2 ) /r d 
dN p /dt= (rv { g-l/r p ) N„ + rR !( 
dN 2 /dt = aJ7l/qVj- (R SP 2 + Fl„t2) +V 
, (N!-N 2 ) / V z r„ 

y-vicfcJts^A'yr^. v,kv 2 »4. wm, 

V 2 =« V 2 / ( 1— a) - 

V.ll Stt^SfiP (standing wa 

ve enhancement) Z&tsE&TmgBrf-. v\t. 

ttaEA$**> R 9 ,14. S£fcfifca51''-K R nr <4. Auger 

[0047 3 ^mtbY-ytms.Y-y<o^ym^m 
fcti^. rdSr-irtf. zcomi. ii<?>Y->fr 
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r„= L2/2D np 

[0048] ffiiiB#raojE5i^fl-»t«i:. ^f-V'J 7&tf 

nLtzi&mmi±. wfcf-ytwmfcs-yoffin 

Uc^£ttT10cm2s-i^S^i:CJ:0. ftMW&i&fS 
Srdt LT10 ns<T>*— 9-i><5- 1 t>ix& . 
[0049] 04te, ±ftnW 3 n%CO : £ : TJ\'frt>'&tii> 
<DX\ V v 9 0 fc&irt* -V U TCDttMmRg®. 

(D^Tx^^ixtzm^m/AA^-y^y^^^ 
$miftx'h&. ^y^coj^ofcL w-fta^few 

<i«ky £*u±. ^^i;Taf**i»»***f 

[0050] AWSk V— »f«SSE^. laiAtciittS J: a 

wraav'-xMtftu *<r>&mm.&/-y£t3V 

y Tcr>®%tfi&\mz%&<7>i,z+tt%#ff&tfim 
* -r y rfc******/-*'** -r y r (c J: r> 

v^^^BBi*. 9-y*yvmvz%>*^ 
£0frtcMv^7^R3. W*>~ it*-y h^atc:WfE-rs 



[0051] 04fc*3wt, m/-yt 
mmmtay- y ia*>ffiiw«a r d izm t r ^ ■» 9 coma 1 

fiH&ffl^KovvCTo-y b$ilTV*S. H4t±W— f 

«8S<o^a5^-*^«y-y^A2>^^-y 

if ;JcT l> £ t , at^b' <y M^- b tP8 LT— JgWRHiC 

bhmmf%x'\±i?v 9e>&tf y ) mmw±£.±z < ^ 

[0052] H4«4fc. fi£&^S7r d*9^*t/h$V> 

y^a^tcifcict, <ei r T2o«oV->'fc:tJ*t*^f^ 
yrsflH^a^^ft^*-^"^. £<^idt, i£ 

mt h ^ -v y rt*g i^iicistis^-y^ o 

y Tit 2 o*wr- ystif©«crat4 «k O & 

&\zh:m*?i)HzmmikihY- y^ * y tst«*&t- 

#^<^r^. ^JK. Jfi|»$ia*d^«fc:/JNSFV^X. 

^cco ^* «y ^ comw o a^-t -s. . 
[0053] ±3&oj: a I;. w»y->k»w»aiy'- 
ym^mummviit. 

r d = L2/2D np 

tciot, mm&m.jmD at Rxmm^-ytmm-tit 
fty-yme>&&ttMSkuzmmt&. mmm^m^L 

D np = (N + P) / (N/D p + P/D„) 

atXjE?LffiSC^SD p fcBffil-t* . 
[0054] 03A(C^-rS*MOVCSEL{i, 

D np = 2D„D P / (D n + D P ) 

tt. «^I6«^„i:iE?L»l!)KM P ^Jtf?iJ-rSfc, BP^> 
D n /D p= /t„//i p ' 

KLT, «^»il)^n(i. jE?L^l!lJS>upcO10-50<g 

D n »D p . RTf 

D np ^ 2D P (^E*SVCSELCO%&) 
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fc. £#SVC5EL*^#FfW£219l;::fc^T{4. j33&ttt£ 

T t£f|fc5£gtf>l/5~l/25<9KBt£> 4 . 
[0055] ClttiO, H5Ak5B£#PlU *56fflfcJ: 
SVCSEL^»3l^ia(tefi?flllSr0!li:t-C«o-C. *#DH= 

5AJ4. *^BjtcJ;^vcsa.cr)«f®^IISfeWS:MiiEWi: t 

-t^-r *vcsa nm n&tkm 
[0056] vcsel nco±a5^ffiJii7+cDP— rmsscT) 

Son T V- >29 k -eit^rflX 0 Htf iS^iMAV- >Zl k 
*>4#. $£ttJI13tf>S^#F1fi&19<t>tf>l'— VWM 
J4. 3fcM^fii-4CkKioTig<i>£*t4^kl4:$: 

[0057] ^m^x^csEut. ft'tsmmzmsffl 

»N. jHKO««Mf«« ; F<0*KJ: , 5l±4*»C*S<* 

k*4. ^4 3K. *?HHfcJ:4VCSELtr«, VF* 
Bttzit l/C*y#F*W=*J tt* 3E7ltf>35Jg#«44 
V WT, »^#F«««)fl«StiC®RD n p 

*B3£««14. ft^S^VCSELtCti^feic^ST d£5~25 
Tit. &imra#5~~25fg©i®Sii4 k , x f 9<r>tm 

Jtt2«#^^ai Bfficoteffl*^ k & 4 . 
[0058] &{&JM3£ffi$41fc«}:4&HMf^ d<0©81 
lz£ 0 . * A- U 7<4. *F#F«*19tf)fflr/-:'35*» 
^.l?I^ScaiV->-37ST'«*S<OVCSELtCi : 3(t4 i 02 
<ffiSi-C#4«ka(c=5r4. *+'J7tt. BBW^a47T 



[0059] aamiawowi. lz-ftawx-f 

T<Ofifc^«K*T«f4^ J 5:^-f » ^— fSS&ta'f * 
^7$^4SJt^SV->^#tT^4df^ 'JTA 5 

^atajy-^37«f ^jKuct* u-c^Km^snip4^ 
fcSH-4"Siafcffl»tf-4. «e->-c. »*ttar/-j'fcfc 

tt4 d f+l)r<7)^Jg{±. fttSK*^ 

fctt. ^McOVCSELtciJtt4«fc0i$<®v%ffl{c:KT-r 
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To produce a surface-emitting laser, doped semiconductor material having a first conductivity mode is 
deposited to form a first mirror layer (15). A layer of semiconductor material is deposited on the first 
mirror layer to form an active layer (13), in the course of which a quantum well region (19) is formed, and 
a enhancing region (41) is formed by doping the semiconductor material of the active layer with 

an acceptor impurity to such a high concentration that holes induced in the quantum well region by the 
diffusion enhancing region predominate over electrons in the quantum well region by about one order of 
mSude Doped semiconductor material having a second conductivity mode is deposited on the active 
Ever to form a second mirror layer (17). The laser comprises a first mirror layer (15), an active layer (13) 
including a quantum well region (19) and a diffusion enhancing region (41), and a second mirror layer 

(17). 
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Description 



The invention relates to semiconductor lasers and, in particular, to vertical-cavity surface-emitting 
semiconductor lasers with reduced turn-on jitter and increased single-mode output. 

Vertical-cavity surface-emitting lasers (VCSELs) have many advantages over traditional edge-emitting 
lasers, such as low cost manufacturing, high yield, good beam quality and scalable geometries. These 
properties make VCSELs desirable for many applications. For example, K.H. Hahn, M.R.T. Tan and 
S Y Wane describe using VCSELs in multimode fiber data links in Modal and Intensity Noise of Large- 
Area MuWple- Transverse-Mode VCSELs in Multimode-Optical-Fiber Links, 1994 CONFERENCE ON 
OPTICAL FIBER COMMUNICATION - paper ThB3, OFC '94. However, the turn-on jitter (variation in 
turn-on delay time) of VCSELs can limit the maximum bit rate that can be achieved in such data links^ 
This problem is described by C.R. Mirasso, P. Colet, and M. San Miguel in Dependence of Timing Jitter 
on Bias Level for Single-mode Semiconductor Lasers under High Speed Operation, QE-29 IEEE 
J.QUANTUM ELECTRON., pp. 23-32. (1993). by A. Sapia. P. Spano, OR I W.rasso P. Coletand M. 
San Miquel in Pattern Effects in Timing Jitter of Semiconductor Lasers. 61 APPL. PHYS. LETT., pp. 
1748-1750 (1992) and by T M. Shen in Timing Jitter in Semiconductor Lasers under Pseudorandom 
Word Modulation. 7 J- LIGHTWAVE TECHNOLOGY, pp. 1394-1399, (1989). 

It is known that the turn-on delay of a VCSEL varies depending on the off time of the VCSEL i.e the 
time that the laser current was switched off before it switched on again. Since the off time of the VCSEL 
varies according to length of the run of 0s in the data modulating the laser current, the turn-on delay of 
the VCSEL is subject to a data-dependent jitter. Figures 1 A and 1 B illustrate the bit pattern- 
dependence of the turn-on delay time of a single-mode VCSEL. Figure 1 A shows the time dependence 
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of the photon density during the turn-on process with two extreme bit patterns. Figure 1B shows the 
time dependence of the photon density during the turn-on process with the two extreme bit patterns 
and with some intermediate bit patterns.ln Figures 1A and 1B, the bit duration is 1 ns, and the laser 
current is switched between an OFF state of about one-half of the threshold current of the VCSEL and 
an ON state of about five times the threshold current. In Figure 1A, the turn-on delay time illustrated by 
curve A, in which a long string of Os precedes switching to 1 is considerably longer than the turn-on 
delay time illustrated by curve B, in which a long string of 1s is followed by a single 0 bit before 
switching back to 1 . Comparing curve A with curve B shows that the turn-on delay time varies 
depending on the bit pattern of the laser current. 

Figure 1B shows the variation of the photon density in response to several different pseudo-random 
word patterns that include the extreme bit patterns shown in Figure 1 A with some intermediate bit 
patterns. Each trace represents a run of a different number of Os between consecutive 1s. The 
difference between the maximum and minimum turn-on delay is called the jitter spread. The jitter 
spread imposes a limitation on the maximum rate at which the VCSEL can be modulated. 

In addition to being subject to jitter spread, VCSELs are also subject to spatial hole burning. In 
VCSELs, light is generated by the laser current flowing through a large cross-sectional area of 
semiconductor material in the quantum well region. In some applications, a VCSEL is required to emit a 
light beam having a single Gaussian intensity distribution. This is known as single mode operation, and 
the light beam generated by the laser in single mode operation will be called a single light beam. 
VCSELs emit a single light beam when the laser current is just above the threshold level. However, 
when the laser current is increased beyond a second, higher, threshold level, the laser begins to emit a 
light beam with a double, or higher, Gaussian intensity distribution. 

The VCSEL generates the single light beam in a central stimulated emission zone of the quantum well 
region. Since light generation depletes the density of carriers depending on the intensity of the light 
generated, generation of the single light beam results in a depletion zone forming in the center of the 
stimulated' emission zone, and a corresponding increase in the carrier density in a zone surrounding 
the depletion zone. Spatial hole burning occurs when the carrier density in the depletion zone falls 
below the threshold, so that light is no longer generated in the depletion zone. The light beam 
generated by the VCSEL then assumes a double Gaussian intensity profile. At higher laser currents, 
additional depletion zones may form in the stimulated emission zone, resulting in the light beam 
generated by the VCSEL having a multiple Gaussian intensity profile. Such an intensity profile makes 
the VCSEL unsuitable for use in applications in which a light beam having a single Gaussian intensity 
distribution is required. 

The limiting effect of spatial hole burning on the maximum intensity at which VCSELs can generate a 
single light beam makes VCSELs unsuitable for certain applications. For example, a laser suitable for 
writing on a magneto-optical disc is required to generate a single light beam with a power of about 30 
mW, whereas the highest single light beam power that can be generated by known VCSELs is in the 
range of 1-2 mW. 

Accordingly, to increase the bit transmission rate of VCSEL-based optical communication systems, and 
to increase the speed at which the light output of the VCSEL of a laser printer can be modulated, and 
for other applications in which the light output of the VCSEL must be modulated at high speed, a 
VCSEL having reduced jitter spread is required. Also, to enable VCSELs to be used in applications in 
which a single light beam having a high intensity is required, a VCSEL is needed in which the onset of 
spatial hole burning occurs, if at all, at a substantially-increased light intensity compared with known 
VCSELs. 

To meet the objectives just described, the invention provides a method of making a vertical cavity 
surface-emitting laser (VCSEL) having reduced turn-on jitter and reduced spatial hole burning. In the 
method, a layer of doped semiconductor material having a first conductivity mode is deposited to form a 
first mirror layer. A layer of semiconductor material is deposited on the first mirror layer to form an 
active layer. In depositing the layer of semiconductor material to form the active layer, a quantum well 
region is formed. Also, a diffusion enhancing region is formed by doping the semiconductor material of 
the active layer with an acceptor impurity to such a high concentration that holes induced in the 
quantum well region by the diffusion enhancing region predominate over electrons in the quantum well 
region by about one order of magnitude. Finally, a layer of doped semiconductor material having a 
second conductivity mode is deposited on the active layer to form a second mirror layer. 

The diffusion enhancing region increases the diffusion rate of carriers in the quantum well region by a 
factor of between five and 25. This enables carriers to diffuse rapidly within the quantum well region. 
The diffusion enhancing region enables carriers that would otherwise accumulate in an annular region 
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surrounding the stimulated emission zone of the quantum well region to diffuse rapidly into the 
stimulated emission zone when the laser current is switched off. This reduces dependence of the turn 
on time of the laser on the off time of the laser, and hence reduces jitter spread. The diffusion 
enhancing region also enables carriers to diffuse from zones of higher carrier density in the quantum 
well region into the depletion zones caused by the generation of light by stimulated emission, which 
reduces the likelihood of spatial hole burning occurring. 

In forming the diffusion enhancing region, the semiconductor material of the active layer may be doped 
with the acceptor impurity only while depositing a region of the active layer outside the quantum well 
region Alternatively, the semiconductor material of the active layer may be doped with the acceptor 
impurity while depositing a region of the active layer encompassing the quantum well region. 
Preferably, however, the diffusion enhancing region is a delta-doped region in the active layer. 

In forming the diffusion enhancing region, the diffusion enhancing region is formed by doping the 
semiconductor material of the active layer with the acceptor impurity at a sheet density Pdope sheet 
such that the density of holes P 1 induced by the diffusion enhancing region in the quantum well region 
exceeds 10 cm The sheet density Pdope. sheet of the acceptor impurity in the diffusion enhancing 
reqion is approximately P' x tow, where tow is the total thickness of the quantum wells in the quantum 
well reqion Alternatively, the diffusion enhancing region may be formed with a thickness tDER, and 
doped with' the acceptor impurity to a concentration Pdope such that the density of holes P induced by 
the diffusion enhancing region in the quantum well region exceeds 10 cm.The concentration of the 
acceptor impurity Pdope in the diffusion enhancing region depends on the density of holes P in trie 
quantum well region, the thickness tQWof the quantum well region and the thickness of the diffusion 
enhancing region according to the expression Pdope = P' x tQW/tDER. 

The invention also provides a vertical cavity surface-emitting laser (VCSEL) having a reduced turn-on 
ntter and reduced spatial hole burning. The laser comprises a first mirror layer, an active layer including 
a quantum well region and a diffusion enhancing region, and a second mirror layer. The first mirror 
laver is a layer of doped semiconductor material having a first conductivity mode. The active layer is a 
layer of semiconductor material adjacent the first mirror layer. The second mirror layer is adjacent the 
active layer and remote from the first mirror layer, and is a layer of doped semiconductor material 
havinq a second conductivity mode.The diffusion enhancing region is a region of the active layer in 
which the semiconductor material of the active layer is doped with an acceptor impurity to such a high 
concentration that holes induced in the quantum well region by the diffusion enhancing region 
predominate over electrons in the quantum well region by about one order of magnitude. 

The diffusion enhancing region may be located outside the quantum well region in the active layer. 
Alternatively the diffusion enhancing region may encompass the quantum well region in the active 
layer. However, the diffusion enhancing region is preferably a delta-doped region in the active layer. 

The semiconductor material in the diffusion enhancing region may be doped with the acceptor impurity 
at a sheet density Pdope, sheet such that the density of holes P' induced by the diffusion enhancing 
reqion in the quantum well region exceeds 10 cm. The sheet density Pdope, Sheet of the acceptor 
impurity is approximately P' x tQW, where tQW is the total thickness of the quantum wells in the 
quantum well region. 

Alternatively the semiconductor material in the diffusion enhancing region may be doped with the 
acceptor impurity at a concentration Pdope such that the density of holes P" induced by the diffusion 
enhancing region in the quantum well region exceeds 10 cm. The concentration , of the acceptor 
impurity Pdope depends on the density of holes P' in the quantum well region, the thickness tQW of the 
quantum well region and the thickness tDER of the diffusion enhancing region according to the 
expression Pdope = P' x tQW/tDER. 

Figure 1 A is a graph showing the variation of the photon density in a known VCSEL in response to the 
laser current modulated by two extreme bit patterns. 

Fiqure 1B is a graph showing the variation of the photon density in a known VCSEL in response to the 
laser current modulated by several different pseudo-random word patterns that include the extreme bit 
patterns shown in Figure 1A and some intermediate bit patterns. 

Figure 2A is a cross sectional view of part of the preferred embodiment of a VCSEL according to the 
invention. 

Figure 2B shows the doping profile of the preferred embodiment of a VCSEL according to the invention. 
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Figure 2C is a cross-sectional view of part of the quantum well region of a VCSEL according to the 
invention showing a first alternative location of the diffusion enhancing region. 

Figure 2D is a cross-sectional view of part of a VCSEL according to the invention showing a second 
alternative location of the diffusion enhancing region. 

Figure 2E is a cross-sectional view of part of a VCSEL according to the invention showing a first 
alternative configuration and location of the diffusion enhancing region. 

Figure 2F is a cross-sectional view of part of a VCSEL according to the invention showing a second 
alternative configuration and location of the diffusion enhancing region. 

Figure 3A is a cross sectional view of part of a known VCSEL showing the flow of laser current through 
the VCSEL. 

Figure 3B is a graph showing the variation of the carrier density in the quantum well region of the 
known VCSEL shown in Figure 3A. 

Figure 4 is a graph showing the dependence of jitter spread on the diffusion time constant and the 
fraction of the laser current that enters the reservoir zone, as predicted by the inventors' model of 
carrier diffusion in a VCSEL. 

Figure 5A is a cross sectional view of part of the preferred embodiment of the VCSEL according to the 
invention showing the flow of laser current through the VCSEL. ! 

Figure 5B is a graph showing the variation of the carrier density in the quantum well region of the 
preferred embodiment of the VCSEL according to the invention shown in Figure 5A. 

The invention provides a VCSEL having a reduced jitter spread and in which the onset of spatial hole 
burning occurs at an increased light intensity compared with known VCSELs. In the VCSEL according 
to the invention, the active layer is formed to include a diffusion enhancing region. The diffusion 
enhancing region is a layer of semiconductor material that is heavily doped with an acceptor impurity. 
The diffusion enhancing region is located in the active layer adjacent the quantum well region, or inside 
the quantum well region, or encompassing the quantum well region. The diffusion enhancing region 
induces a very high density of holes in the quantum well region. The high density of holes in the 
quantum well region significantly increases the ambipolar diffusion rate of carriers in the quantum well 
region Increasing the ambipolar diffusion rate of the carriers in the quantum well region enables earners 
to diffuse rapidly in the quantum well region, which significantly reduces the jitter spread of the VCSEL, 
and increases the maximum light intensity that can be generated before the onset of spatial hole 
burning. 

The preferred embodiment 1 1 of a VCSEL according to the invention is shown in Figure 2A. Figure 2A 
is a cross sectional view of the part of the VCSEL that includes the stimulated emission zone 37 of the 
active layer 13 and part of the core zone 29. The active layer is epitaxially grown on the lower mirror 
layer 15 The upper mirror layer 17 is epitaxially grown on the active layer. Only the upper part of the 
lower mirror layer adjacent the active layer and the lower part of the upper mirror layer adjacent the 
active layer are shown to simplify the drawing. The lower mirror layer and the upper mirror layer are 
doped to have opposite conductivity modes. For example, the lower mirror layer is preferably doped 
with a donor impurity (n-type), and the upper mirror layer is preferably doped with an acceptor impurity 
(p-type). 

The upper mirror layer 17 includes the proton implanted zone 27, which defines and surrounds the core 
zone 29. The proton implanted zone confines the laser current flowing through the upper mirror layer to 
the core zone. The laser current flows from an electrode formed on the upper surface of the upper 
mirror layer to an electrode formed on the bottom surface of the substrate on which the lower mirror 
layer 15 is deposited. The electrodes, the substrate, and the upper surface of the upper mirror layer are 
not shown in Figure 2A so that the structure of the VCSEL 1 1 near the active layer can be shown with 
greater clarity. 

The active layer 13 has a thickness of a multiple of lambda n, where lambda n is the wavelength in the 
material of the active layer of the light generated in the quantum well region 19. The preferred thickness 
of the active layer is lambda n. The active layer is sandwiched between the lower mirror layer 15 and 
the upper mirror layer 17. The active layer includes the lower cladding region 31, the upper cladding 
region 32 and the quantum well region 19. The thickness of the cladding regions is such that the 
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quantum well region is located half way between the lower mirror layer and the upper mirror layer. 
Structural details of the quantum well region are omitted from Figure 2A to simplify the drawing, but are 
shown in Figure 2C and will be described in more detail below. 

Liqht is generated by stimulated emission in the stimulated emission zone 37 of the quantum well 
region 19. The lateral extent of the stimulated emission zone is defined by the lateral extent of the core 
zone 29 of the upper mirror layer 17, and is indicated by the lines 39. 

The active layer 1 3 of the first embodiment 1 1 of the VCSEL according to the invention is formed to 
include the diffusion enhancing region 41. In the preferred embodiment, the diffusion enhancing region 
is a delta-doped region located in the active layer outside the quantum well region 1 9. The diffusion 
enhancing region is preferably located within a few hundred ANGSTROM ngstroms of the quantum well 
region in the upper cladding region 32 between the upper mirror layer 17 and the quantum well region. 

The diffusion enhancing region 41 is doped with a high concentration of an acceptor impurity. The 
actual doping level of the diffusion enhancing region depends on the hole density to be induced in the 
quantum well region and the thickness ratio between the quantum well region and the diffusion 
enhancing region. When the active layer is a layer of a group lll-V semiconductor, the preferred doping 
material for the diffusion enhancing region is carbon. Other elements that act as acceptor impunties in 
a group lll-V semiconductor can also be used. In particular, group II elements such as magnesium, 
beryllium or zinc may be used to dope the diffusion enhancing region. 

As noted above, in the preferred embodiment, the diffusion enhancing region 41 is a delte-doped 
reqion located in the upper cladding region 32 of the active layer 13 within a few hundred ANGSTROM 
nqstroms of the quantum well region 19. Such a delta-doped region is formed by introducing a sufficient 
quantity of an acceptor impurity into a single atomic layer of the upper cladding region to provide a 
sheet doping density that is sufficiently high to induce the required hole density in the quantum well 
reqion Suitable sheet doping densities are of the order of 10 cm, which corresponds to the impunty 
atoms being introduced in such a concentration that they constitute between about 0.1% and about 1 /o 
of the atoms in the single atomic layer. The way in which the required sheet density is determined is 
described in detail below. 

The acceptors in the diffusion enhancing region 41 induce corresponding holes in the quantum well 
region 19 The doping level of acceptors in the diffusion enhancing region is so high that the density of 
holes that are induced in the quantum well region is about one order of magnitude greater than the 
density of electrons therein. Such a high density of holes decouples the diffusion of electrons in the 
quantum well region from the diffusion of holes. The ambipolar diffusion rate, which measures the 
effective diffusion rate of both electrons and holes, is increased from a value similar to the hote 
diffusion rate to a value approaching the electron diffusion rate. The electron diffusion rate is between 
ten and fifty times the hole diffusion rate in typical semiconductor materials. 

Increasing the ambipolar diffusion rate of the carriers in the quantum well region has two beneficial 
effects First jitter spread is reduced. The increased ambipolar diffusion rate reduces the ability of 
carriers to accumulate in a zone of the active layer surrounding the stimulated emission zone 37. 
Carriers that would otherwise accumulate in such a zone are able to diffuse laterally into the stimulated 
emission zone. Second, the single light beam intensity that can be generated before the onset of 
spatial hole burning is increased because the increased ambipolar diffusion rate enables carriers to 
diffuse laterally to replenish the supply of carriers in the depletion zone in the center of the stimulated 
emission zone 37.This prevents the carrier density in the depletion zone from falling below the 
threshold level, and maintains light generation throughout the stimulated emission zone. 

The preferred embodiment 11 of the VCSEL according to the invention will now be described in greater 
detail The lower mirror layer 15 and the upper mirror layer 17 are each preferably distnbuted Bragg 
reflectors composed of multiple pairs of mirror elements. For example, the lower mirror layer may be 
composed of 32.5 pairs of mirror elements and the upper mirror layer may be composed of 20 pairs of 
mirror elements. To simplify the drawing, only the pair of mirror elements 21 in the lower mirror layer 
immediately adjacent the active layer 13 is shown. Each pair of mirror elements is composed of a high 
refractive index mirror element and a low refractive index mirror element. The pair of mirror elements 
21 is composed of the mirror elements 23 and 25. for example.ln each pair of mirror elements, the two 
mirror elements are layers of different semiconductor materials having different refractive indices. For 
example the high refractive index mirror element can be a layer of AIGaAs and the low refractive index 
mirror element can be a layer of AlAs. Alternatively, layers of AlAs and GaAs. or layers of other pairs of 
suitable materials known in the art could be used. The mirror elements are preferably constructed to 
reduce electrical resistance and band offset across the interfaces between adjacent mirror elements, as 
is known in the art. For example, a graded transition can be made between the materials of the 
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adjacent mirror elements, or a graded short period super lattice can be formed between adjacent mirror 
elements. Each mirror element has a thickness of lambda n/4, where lambda n is the wavelength in the 
semiconductor material of the mirror element of the light generated in the quantum well region 19. 

The proton implanted zone 27 extends into the upper mirror layer 17 from the surface (not shown) of 
the upper mirror layer remote from the active layer 13, but does not extend into the upper mirror layer 
as far as the active layer. The electrical conductivity of the proton implanted zone is less than that of 
the core zone 29 that it surrounds. This conductivity difference confines the laser current flowing 
through the upper mirror layer to the core zone. In the region 33 between the depth limit of the proton 
implanted zone and the active layer, the laser current spreads laterally from the confinement imposed 
by the proton implanted zone.Hence, the laser current flowing into the quantum well region 19 of the 
active layer is not confined to the stimulated emission zone 37 of the quantum well region, i.e., to the 
part of the quantum well region that underlies the core zone of the upper mirror layer. 

The active layer 13 is a layer of a semiconductor material that is transparent to the light generated in 
the quantum well region 19. For example, the active layer may be a layer of AIGaAs. Outside the 
diffusion enhancing region 41, the active layer is either undoped, or is doped with equal concentrations 
of donor and acceptor impurities. Alternatively, the lower cladding layer 31 of the active layer may be 
doped with a donor impurity at approximately the same concentration as the donor impurity in the lower 
mirror layer 15, and the upper cladding layer 32 may be doped with an acceptor impurity at 
approximately the same concentration as the acceptor impurity in the upper mirror layer 17. 

The quantum well region 19 is preferably composed of between three and five quantum wells. Figure 
2C shows an example of a quantum well region having three quantum wells. The quantum well 51 is 
located adjacent the lower cladding region 31, and is separated from the quantum well 53 by the barrier 
layer 55 The quantum well 57 is located adjacent the upper cladding region 32 and is separated from 
the quantum well 53 by the barrier layer 59. Each quantum well is preferably a layer of gallium arsenide 
(GaAs) and each barrier layer is preferably a layer of AIGaAs. Each quantum well preferably has 
thickness of about 80 ANGSTROM . 

The preferred embodiment 11 of the VCSEL according to the invention is made by growing the lower 
mirror layer 15 on a suitable substrate (not shown) by such techniques as molecular beam epitaxy 
(MBE) or metal-organic chemical vapor deposition (MOCVD). These techniques of growing thin, 
ordered layers of semiconductor materials are known in the art. While growing the lower mirror layer 
15, donor (n-type) impurities are mixed with the stream of semiconductor materials that are alternately 
deposited to form the lower mirror layer. Thus, the lower mirror layer is doped n-type. 

A layer of AIGaAs, for example, is then deposited on the lower mirror layer 15 by MBE or MOCVD to 
form the lower cladding region 31 of the active layer 13 adjacent the lower mirror layer. No impurities 
are mixed with the material deposited to form the lower cladding region. Alternatively, equal 
concentrations of donor and acceptor impurities may be mixed with the material deposited to form the 
lower cladding region. As a further alternative, the lower cladding region may be doped with an n-type 
impurity at a concentration similar to that used in the lower mirror layer, with the concentration being 
reduced as the thickness of the lower cladding region increases. 

After the lower cladding region 31 has reached its required thickness, multiple alternating thin layers of 
semiconductor materials are deposited on the lower cladding region to form the quantum well region 
19 After the quantum well region has been formed, more semiconductor material is deposited on the 
quantum well region to form the upper cladding region 32. No impurities are mixed with the material 
deposited to form the upper cladding region. Alternatively, equal concentrations of donor and acceptor 
impurities may be mixed with the material deposited to form the upper cladding region. As a further 
alternative, the upper cladding region may be doped with a p-type impurity at a concentration that 
progressively increases to a concentration similar to that which will be used in the upper mirror layer 
17. 

The diffusion enhancing region 41 is formed by interrupting the flow of semiconductor material 
deposited to form the upper cladding region 32 when the thickness of the upper cladding layer is less 
than a few hundred ANGSTROM ngstroms, and by depositing acceptor impurity atoms on the surface 
of the partially-formed upper cladding region. Carbon atoms may be deposited as the acceptor impurity 
by evaporating carbon tetrabromide CBr4 and bringing the vapor into contact with the partially-formed 
upper cladding region. Upon contact with the partially-formed upper cladding region, the carbon 
tetrabromide dissociates, and the resulting carbon atoms are deposited on the lattice of the 
semiconductor material of the partially-formed upper cladding region as the acceptor impurity .After the 
acceptor impurity atoms constituting the diffusion enhancing region have been deposited on the 
partially-formed upper cladding region, deposition of the semiconductor material forming the upper 
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cladding region is resumed. 

When the upper cladding region 32 is of such a thickness that the active layer 13 has the required total 
thickness of lambda n, the process of depositing materials to form the upper mirror layer 17 is begun. 
While depositing materials to form the upper mirror layer, acceptor impurities are mixed with the stream 
of the semiconductor materials alternately deposited to form the upper mirror layer. This dopes the 
semiconductor materials of the upper mirror layer p-type. The concentration of acceptor impurities 
introduced into the semiconductor materials deposited to form the upper mirror layer is substantially 
less than that in the diffusion enhancing region 41. 

Fiqure 2B shows the doping profile of the preferred embodiment 1 1 of the VCSEL according to the 
invention along the line 2B-2B in Figure 2A. The y-axis scale in Figure 2B corresponds to the vertical 
scale of Figure 2A Figure 2B shows that the lower mirror layer 15 is doped with a moderate to high 
concentration of a donor impurity. At the boundary between the lower mirror layer and the active layer 
13 the concentration of the acceptor impurity sharply decreases to match the concentration of donor 
impurity The concentration of donor impurity remains substantially equal to the concentration of 
acceptor impurity throughout the active layer except in the diffusion enhancing region 41. In the diffusion 
enhancing region 41. the concentration of acceptor impurities sharply increases to a level about one 
order of magnitude higher than the concentrations of the donor impurity in the lower mirror layer and 
the acceptor impurity in the upper mirror layer 17. At the boundary between the active layer and the 
upper mirror layer, the concentration of acceptor impurity increases sharply to a level that 
approximately matches that of the donor impurity in the lower mirror layer. The acceptor impunty 
concentration remains at this level throughout the upper mirror layer. 1 

As noted above the diffusion enhancing region 41 may be a delta-doped region located anywhere in 
the active layer 13 However, the diffusion enhancing region is most effective when it is located in the 
active layer within hundred ANGSTROM ngstroms of the quantum well region 19. In the preferred 
embodiment shown in Figure 2A, the diffusion enhancing region is a delta-doped region located in the 
upper cladding region 32 of the active layer 13 within a few hundred ANGSTROM ngstroms of the the 
quantum well region 19. 

Figures 2C-2F show alternative locations and configurations of the diffusion enhancing region 41 . The 
diffusion enhancing region may be a delta-doped region located in one of the barrier layers of the 
quantum well region 19. Figure 2C shows part of the active layer 13 that includes the quantum well 
reqion 19 In the quantum well region, the quantum well 51 is located adjacent the lower cladding 
reqion 31 and is separated from the quantum well 53 by the barrier layer 55. The quantum well 57 is 
located adjacent the upper cladding region 32 and is separated from the quantum well I 53 by the barner 
layer 59 In the alternative shown in Figure 2C, the diffusion enhancing region 41 is a delta-doped 
reqion located in the quantum well 19 region outside the quantum wells 51, 53, and 59.The diffusion 
enhancing region is shown located in the barrier layer 59, but it could alternatively be located in the 
barrier layer 55. 

In the preferred embodiment, the diffusion enhancing region 41 is a delta-doped region located in the 
active layer 13 between the quantum well region and the upper mirror layer 17. However, the diffusion 
enhancing region may be a delta-doped region located in the lower cladding layer 31 of the active layer 
13 between the quantum well region and the lower mirror layer, as shown in Figure 2D. Again, the 
diffusion enhancing region is most effective if it is located within a few hundred ANGSTROM ngstroms 
of the quantum well region. 

Thicker layers than the delta-doped regions described above can alternatively be used as the diffusion 
enhancing region 41. Figure 2E shows part of the active layer 13 in which the upper cladding region 32, 
the active region 19 and part of the lower cladding region 31 are heavily doped with an acceptor 
impurity to form the diffusion enhancing region. The diffusion enhancing region is shown as extending 
part-way through the lower cladding region through the whole of the upper cladding region, 
encompassing the quantum well region. Alternatively, the diffusion enhancing region may extend from 
part-way through the lower cladding region to part-way through the upper cladding region, 
encompassing the quantum well region.As will be described in greater detail below, the sheet density of 
the acceptor impurity in the bulk-doped diffusion enhancing region shown in Figure 2E can be 
substantially lower than that in the delta-doped diffusion enhancing regions shown in Figures 2A-2C. 

Figure 2F shows a variation in which only part of the upper cladding region 32 is heavily doped with an 
acceptor impurity to form the diffusion enhancing region 41. A high concentration of an acceptor 
impurity is added to the material deposited to form the upper cladding region starting when the upp r 
cladding region is less than a few hundred ANGSTROM ngstroms thick. The diffusion enhancing region 
can extend as far as the upper mirror layer 17, as shown, or can extend part-way to the upper mirror 
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layer. As will be discussed in detail below, the reduced thickness of the diffusion enhancing region in 
Figure 2F compared with that of the diffusion enhancing region in Figure 2E requires that the impurity 
density in the former be greater than that in the latter to induce the same hole density in the quantum 
well region 19. 

The inventors 1 analysis of the operation of a conventional VCSEL showing the mechanism by which 
turn-on jitter and spatial hole burning occurs will next be described with reference to Figure 3A. Figure 
3A shows a similar part of a conventional VCSEL 200 to the part of the preferred embodiment of th 
VCSEL according to the invention shown in Figure 2A. The conventional VCSEL shown in Figure 3A 
has a similar structure to the embodiment shown in Figure 2A t except that it lacks a diffusion enhancing 
region in its active layer 213. Structural elements of the VCSEL shown in Figure 3A corresponding to 
those of the preferred embodiment are indicated using the same reference numerals as in Figure 2A, 
and will not be described in detail here. The representative pair of mirror elements 21 shown in Figure 
2A is omitted from Figure 3A to simplify the drawing. 

The laser current, indicated by the arrows 43, flows from an electrode formed on the upper surface of 
the upper mirror layer 17 to an electrode formed on the bottom surface of the substrate on which the 
lower mirror layer 15 is deposited. The electrodes, the substrate, and the upper surface of the upper 
mirror layer are not shown in Figure 3A to simplify the drawing. The electrical conductivity difference 
between the core zone 29 and the surrounding proton implanted zone 27 of the upper mirror layer 
laterally confines the flow of laser current through the upper mirror layer to the core zone. 

The proton implanted zone 27 also defines the lateral extent of the laser current flow 43 through the 
quantum well region 219 of the active layer 213, although with much less precision than in the upper 
mirror layer 17. Due to disruption of the crystalline structure caused by proton implantation, the proton 
implanted region is located in the upper mirror layer so that it does not extend as far as the active layer 
The carriers spread laterally beyond the confinement imposed by the proton implanted zone in the 
region 33 between the depth limit of the proton implanted zone and the active layer. 

Carriers entering the quantum well region 219 of the active layer generate light by stimulated emission 
However, light generation by stimulated emission only takes place in the stimulated emission zone 37 
which is the part of the quantum well region 219 that underlies the core zone 29 of the upper mirror 
region 17. The lateral spreading of the laser current means that some of the carriers enter the reservoir 
zone 35 which surrounds the stimulated emission zone and underlies the proton implanted zone 27 of 
the upper mirror region. Carriers that enter the reservoir zone do not generate light by stimulated 
emission because the reduced reflectivity of the proton implanted zone results in insufficient optical 
gain for stimulated emission to occur. The carriers that enter the reservoir zone are not depleted by 
generating light by stimulated emission. Moreover, since the conventional VCSEL 200 lacks a diffusion 
enhancing region in the active layer 213, the diffusion rate of the carriers in the quantum well region is 
relatively low, and carriers entering the reservoir zone diffuse only slowly into the stimulated emission 
zone. As a result, when the laser current flows, carriers accumulate in the reservoir zone. The density 
of the carriers that accumulate in the reservoir zone can exceed the threshold density as shown in 
Figure 3B. 

The inventors' analysis of the effect of the carriers accumulated in the reservoir zone 35 on the turn-on 
delay of the conventional VCSEL 200 will now be described. The turn-on process of a single-mode 
proton-implanted VCSEL may be simulated using a set of single-mode rate equations similar to most 
standard carrier and photon rate equations. L.A. Coldren and S.W. Corzine describe such equations in 
chapter 5 of DIODE LASERS AND PHOTONIC INTEGRATED CIRCUITS, Wiley Interscience, New 
York (1995). However, the inventors have amended the equations to include two carrier components to 
take account of the effect of the carriers in the reservoir zone 35 surrounding the stimulated emission 
zone 37. The first component represents the carriers in the stimulated emission zone that generate light 
by stimulated emission when their density approaches the threshold density.The first component is 
described by the standard rate equations. The second component represents the carriers in the 
reservoir zone surrounding the stimulated emission zone. As noted above, carriers enter the reservoir 
zone due to lateral spreading of the laser current resulting from the imperfect lateral confinement of the 
laser current 43 by the proton-implanted region 27. Carriers entering the reservoir zone are unable to 
take part in stimulated photon emission, and, due to their low diffusion rate, diffuse out of the reservoir 
zone only slowly. Therefore they accumulate in the reservoir zone. The rate equations are as follows* 
dN1 DIVIDED dt = 1- alpha eta I DIVIDED qV1 - (Rsp1 + Rnr1) - VgNp - N1 - N2 DIVIDED Td 

dNp DIVIDED dt = ( GAMMA Vgg- 1 DIVIDED Tp)Np + GAMMA Rsp 

dN2 DIVIDED dt = alpha eta I DIVIDED qV2 - (Rsp2 + Rnr2) + V1 DIVIDED V2N1-N2 DIVIDED Td 
where: 
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N1 and N2 are the carrier densities in the stimulated emission zone and the reservoir zone, 
respectively; 

V1 and V2 are the volumes of the stimulated emission zone and the reservoir zone, respectively; / is 
the laser current; 

alpha is the fraction of the laser current / entering the reservoir zone: alpha is related to V1 and V2 by 
the expression: 

V2 = alpha V1 DIVIDED 1- alpha 

Np is the average photon density; 
Tp is the photon lifetime; 
g is the material gain; 
vg is the group velocity; 

GAMMA is a three-dimensional confinement factor that includes standing wave enhancements; 

eta is the perpendicular injection efficiency (assumed to be equal in both the stimulated emission zone 

and the reservoir zone); 

Rsp is the spontaneous emission rate; 

Rnr is the nonradiative recombination rate including Auger recombination, and is the spontaneous 
emission rate into the lasing mode; and 
Td is the diffusion time. 



The coupling term between the stimulated emission zone and the reservoir zone includes the diffusion 
time, Td. This term characterizes the rate of diffusion of carriers from one zone to the other. The 
diffusion time can be expressed as: 1 
Td = L DIVIDED 2Dnp 

where: ! 

Dnp is the ambipolar diffusion constant representing the diffusion of both electrons and holes; and 
L is a characteristic diffusion length between the two zones. 



An exact calculation of the diffusion time would have to include the spatial dependencies of both carrier 
and photon densities. However, in the present analysis, a diffusion time calculated as set forth above is 
sufficiently precise to be used to predict the effects of carrier diffusion between the reservoir zone and 
the stimulated emission zone. A typical diffusion length of 5 mu m and a typical ambipolar diffusion 
constant of 10 cm s give a typical diffusion time Td in the order of 10 ns. 

Figure 4 is derived from the inventors' model described above, and shows the effect of the carrier 
diffusion time constant on jitter spread. The jitter spread is the variation between the maximum and 
minimum turn-on times obtained under the conditions of curves A and B of Figure 1 A. Jitter spread 
occurs because carriers from the laser current accumulate in the reservoir zone 35 outside the 
stimulated emission zone 37. The accumulation of carriers in the reservoir zone acts as a temporary 
supply of carriers that diffuse into the stimulated emission zone after the laser current is switched off. 
The carriers diffusing into the stimulated emission zone prevent the carrier density in the stimulated 
emission zone from rapidly falling to zero. Instead, the diffusing carriers maintain the carrier density in 
the stimulated emission zone for a short time after the laser current is switched off.As a result, when 
the laser current is switched off briefly, as in curve B of Figure 1 A, the carrier density in the stimulated 
emission zone is higher than it would be if there were no carrier diffusion. This causes a shorter-than- 
normal turn-on time because the laser current has to inject fewer carriers into the stimulated emission 
zone to restore the carrier density to the threshold level. 

On the other hand, when the laser current is switched off for a relatively long time, such as when a long 
string of 0s precedes a 1 as in Figure 1 A, sufficient time elapses for the carriers to diffuse from the 
reservoir zone to the stimulated emission zone, and for the density of the carriers in the stimulated 
emission zone then to decay to a low value. When the laser current is switched back on, the laser 
current must inject sufficient carriers into the stimulated emission zone to build the carrier density up 
from this low level to the threshold level. This requires a longer time than when the carrier density in the 
stimulated emission zone is maintained by the carriers diffusing from the reservoir zone. Thus, the turn- 
on delay varies depending on the off time of the laser currentThe maximum turn-on time is obtained 
when the turn-on is preceded by a long off time, e.g., an off time corresponding to the time of five bits. 
The minimum turn-on time is obtained when the turn-on is preceded by a short off time, e.g., an off time 
corresponding to the time of one bit. 

In Figure 4, each curve shows how the jitter spread varies according to the diffusion time Td between 
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the reservoir zone and the stimulated emission zone. Three curves are shown. Each curve is for a 
different percentage of the laser current entering into the reservoir zone. Figure 4 shows that when a 
greater fraction of the laser current enters the reservoir zone, the jitter spread increases, and that a 
diffusion time in a certain range in relation to the bit rate increases the jitter spread by a factor of more 
than two. 

Figure 4 also shows that, when the diffusion time Td is very small or very large, the jitter spread 
reduces to a value corresponding to there being no diffusion of carriers from a reservoir of carriers. 
When the diffusion time is very small, carriers diffuse rapidly from the reservoir zone to the stimulated 
emission zone, and the carrier densities in the two zones rapidly reach equilibrium. Thus, reducing the 
diffusion time to a very small value can substantially reduce the jitter spread caused by carriers 
accumulating in the reservoir zone. On the other hand, a very large diffusion time results in carriers 
diffusing between the two zones so slowly that the reservoir zone cannot supply carriers to the 
stimulated emission zone quickly enough to maintain the carrier density in the stimulated emission 
zone after the laser current is turned off.Therefore, when the diffusion time Td is either very small or 
very large, diffusion of carriers from the reservoir zone does not cause a significant jitter spread. The 
largest jitter spread occurs when the diffusion time is comparable with the carrier lifetime. 

As stated above, the diffusion time Td between the reservoir zone and the stimulated emission zone is 
related to the ambipolar diffusion constant Dnp and the characteristic diffusion length L between the 
reservoir zone and the stimulated emission zone by the following equation: 
Td = L DIVIDED 2Dnp 

The ambipolar diffusion constant Dnp is related to electron density N, the electron diffusion constant 
Dn, the hole density P, and the hole diffusion constant Dp by the following equation: 
Dnp = N + P DIVIDED NIDp + PIDn 



The conventional VCSEL shown in Figure 3A lacks a diffusion enhancing region. Consequently, the 
electron density in the quantum well region 219 is equal to the hole density, i.e., P = N, and the 
ambipolar diffusion constant is: 
Dnp = 2DnDp DIVIDED Dn + Dp 



It can be assumed that the electron diffusion constant Dn and the hole diffusion constant Dp are 
proportional to the electron mobility mu n and the hole mobility mu p, respectively, i.e.: 
Dn DIVIDED Dp = mu n DIVIDED mu p 



For typical quantum well region materials, the electron mobility mu n is in the range of 10-50 times the 
hole mobility mu p. As a result: 

Dn » Dp, and 

Dnp APPROX 2Dp in a conventional VCSEL. 

Thus, in the quantum well region 219 of the conventional VCSEL, the ambipolar diffusion constant is 
about twice that of the hole diffusion constant, and is in the range of one-fifth to 1/25 of the electron 
diffusion constant. 

The action of the diffusion enhancing region in the VCSEL according to the invention in reducing jitter 
spread and spatial hole burning will now be described with reference to Figure 5A and 5B using the 
preferred embodiment 1 1 of the VCSEL according to the invention as an illustrative example. Figure 5A 
shows the preferred embodiment of the VCSEL according to the invention as an illustrative example. In 
the VCSEL 1 1 according to the invention, the diffusion enhancing region 41 reduces jitter spread and 
prevents spatial hole burning by reducing the diffusion time Td. 

The flow of the laser current through the upper mirror layer 17 of the VCSEL 1 1 is indicated by the 
arrows 43. The flow of the laser current is similar to that in the conventional VCSEL shown in Figure 
3A. The electrical conductivity difference between the core zone 29 and the surrounding proton 
implanted zone 27 of the upper mirror layer laterally confines the flow of laser current through the upper 
mirror layer to the core zone. The proton implanted zone 27 also defines the lateral extent of the laser 
current flow 43 through the quantum well region 19 of the active layer 13, although with much less 
precision than in the upper mirror layer 17. Accordingly, a fraction of the laser current enters the 
quantum well region in the reservoir zone 35 surrounding the stimulated emission zone 37. The carriers 
entering the reservoir zone are not depleted by taking part in light generation. 
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The VCSEL according to the invention includes the diffusion enhancing region 41 in the active layer 13. 
The diffusion enhancing region is heavily doped with an acceptor impurity. The high concentration of 
acceptor impurities in the diffusion enhancing region induces a high density of holes in the quantum 
well region. As a result, the density of holes in the quantum well is much greater than the density of 
electrons, i.e., P » N. When the density of holes is much greater than the density of electrons, the 
ambipolar diffusion constant in the quantum well region becomes: 
Dnp APPROX Dn 

Thus, in the VCSEL according to the invention, the much greater density of holes in quantum well 
region compared with the density of electrons increases the ambipolar diffusion constant Dnp in the 
quantum well region to about the same as the electron diffusion constant Dn.ln other words, the 
diffusion enhancing region reduces the diffusion time Td by a factor in the range of five to 25 compared 
with a conventional VCSEL. Figure 4 shows that, in VCSELs in which the jitter spread is close to the 
maximum, a reduction of the diffusion time by a factor in the range of five-25 results in a significant 
reduction in jitter spread. This, in turn, enables the frequency at which the laser current is modulated to 
be increased, or enables simpler detection circuits to be used if the modulation frequency is not 
changed. 

The reduced diffusion time Td caused by the diffusion enhancing region 41 enables carriers to diffuse 
more rapidly from the reservoir zone 35 in the quantum well region 19 to the stimulated emission zone 
37 than in a conventional VCSEL. Since carriers can diffuse from the reservoir zone into the stimulated 
emission zone, as indicated by the arrows 47 in Figure 5A, the density of carriers that accumulates in 
the reservoir zone is reduced. The resulting distribution of the carrier density is shown in Figure 5B. 

The reduced diffusion time not only reduces the maximum density of carriers that accumulate in the 
reservoir zone 35 while the laser current is switched on, but also reduces the time required for any 
carriers remaining in the reservoir zone when the laser current is switched off to diffuse into the 
stimulated emission zone 37 and to take part in stimulated emission. Consequently, the carrier density 
in the stimulated emission zone falls to a low value more rapidly after the laser current is switched off 
than in a conventional VCSEL. Then, when the laser current is switched back on, the laser current must 
always build the carrier density up from this low level. The dependence of the turn-on time on the off 
time is therefore reduced. 

In addition to reducing the jitter spread, the increased rate of carrier diffusion caused in the quantum 
well region 19 by the diffusion enhancing region 41 in the VCSEL according to the invention also 
increases the maximum intensity of the single light beam generated by the VCSEL. As noted above, at 
low laser currents, stimulated emission occurs throughout the stimulated emission zone 37 with the 
highest intensity being generated in the center of the zone. Stimulated emission reduces the carrier 
density in the stimulated emission zone in proportion to the light intensity. As a result, the depletion of 
the carrier density is greatest in the center of the stimulated emission zone. This depletion of the carrier 
density in the center of the stimulated emission zone of a conventional VCSEL is indicated by the 
broken line 61 in Figure 3B. As the laser current is increased, spatial hole burning occurs when the 
carrier density in the center of the stimulated emission zone falls sufficiently below the threshold that 
light is no longer generated there. 

The diffusion enhancing region 41 in the active layer 13 of the VCSEL 1 1 according to the invention 
increases the rate at which carriers diffuse laterally in the active layer. Analogously to the way in which 
the diffusion enhancing region speeds up the diffusion of carriers between the reservoir zone 35 and 
the stimulated emission zone 37 described above, the increased rate of carrier diffusion induced in the 
quantum well region by the diffusion enhancing region enables carriers to diffuse into the center of the 
stimulated emission zone when the carrier density is depleted by light generation. This prevents the 
carrier density in the center of the stimulated emission zone from falling so far below the threshold 
density that light generation no longer occurs.Accordingly, when light generation by stimulated 
emission depletes the carrier density in the center of the stimulated emission zone, carriers can diffuse 
radially inwards into the depletion zone, where they take part in generating a single light beam by 
stimulated emission. Since carriers from a wide area of the active layer take part in generating the 
single mode light beam, the maximum single mode light output of the VCSEL according to the invention 
is consequently greater than in a conventional VCSEL lacking a diffusion enhancing region. 

Moreover, the inventors predict from their VCSEL model that, in large-area VCSELs, the effect of the 
diffusion enhancing region 41 on producing a more uniform distribution of carriers in the stimulated 
emission zone 37 will result in a more uniform distribution of modes, and that such modes will change 
less sporadically with increasing laser current. The more uniform distribution of modes will result in a 
smoother light intensity/laser current characteristic, with fewer discontinuities than in the intensity/laser 
current characteristics of conventional VCSELs. 
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The inventors also predict from their VCSEL model that the diffusion enhancing region 41 will 
significantly increase the differential gain of the quantum well region 19. Differential gain is the variation 
of gain with carrier density. The increased differential gain will increase the relaxation resonance 
frequency of the VCSEL according to the invention compared with a conventional VCSEL, enabling the 
VCSEL according to the invention to be operated at higher modulation speeds. 

Finally, the process for determining the doping level in the diffusion enhancing region 41 of the VCSEL 
according to the invention will be described. The electron density and the hole density in the quantum 
well region of a conventional VCSEL are each about 4 x 10 cm at the threshold level of the laser 
current. The product PN of the electron density and the hole density is therefore about 1.6 x 10 cm. In 
the VCSEL according to the invention, the diffusion enhancing region 41 must be heavily doped with an 
acceptor impurity so that the hole density P induced in the quantum well region 19 is about one order 
of magnitude greater than the electron density N\ This inequality is required for the diffusion enhancing 
region to produce an effective increase the ambipolar diffusion constantAlso, for the VCSEL according 
to the invention to have approximately the same gain as a conventional VCSEL, the diffusion 
enhancing region has to be doped so that the product PN' of the electron density and the hole density 
in the quantum well region is similar to the value of PN of the conventional VCSEL. These requirements 
may be satisfied, for example, by making the hole density P* in the quantum well region about ten times 
the electron density N\ i.e.: 
P = 10N' 
Also: 

PN" = 1.6x10 
Substituting for N' we get: 

P = 1.26x10 ! 
The corresponding electron density N* in the quantum well region is then: 
N' = 1.6 x 10 DIVIDED 1.26 x 10 = 1.26 x 10cm ! 



This choice of values for the hole density P' and the electron density NT in the quantum well region 19 
sets the hole density P' at 10 times the electron density N\ This order of inequality in the carrier 
densities is sufficient to increase the ambipolar diffusion constant Dnp to a value substantially equal to 
the electron diffusion constant Dn, so that the characteristic diffusion time Td is reduced by a factor of 
about half the ratio of the electron diffusion constant and the hole diffusion constant, i.e., by a factor in 
the range of five-25. It can be seen from Figure 4 that reducing the diffusion time by an amount in this 
range produces a substantial reduction from the jitter spread. 

The diffusion enhancing region 41 induces in the quantum well region 19 a sheet density PQW, sheet 
of holes substantially equal to the sheet density Pdope, sheet of holes in the diffusion enhancing region 
41. Thus, the diffusion enhancing region must be doped with an acceptor impurity at a sheet density 
such that the sheet density of the holes induced in the quantum well region corresponds to the desired 
bulk density of holes P\ The sheet density in the quantum well region PQW-sheet is equal to the 
product of the desired bulk density P' of holes in the quantum well region, and the total thickness tQW 
of the quantum wells in the quantum well region, i.e., 
PQW, sheet = P'tQW 



With the value of P' set to 1 .26 x 10, as described above, and with three 80 ANGSTROM -thick 
quantum wells in the quantum well region having a total thickness tQW of 240 ANGSTROM , the sheet 
density PQW, sheet that must be induced in the quantum well region is about: 
PQW, sheet = 1 .26 x 1 0 x 2.4 x 1 0 APPROX 3 x 1 0cm 



Delta-doped regions are characterized by their sheet doping density. Hence, in embodiments having a 
delta-doped diffusion enhancing region 41, such as those shown in Figures 2A and 2C, the diffusion 
enhancing region is doped such that its sheet doping density Pdope, sheet is equal the sheet density 
PQW, sheet of the quantum well region, i.e., 
Pdope, sheet = PQW, sheet APPROX 3 x 10 cm 



In embodiments having a bulk doped diffusion enhancing region 41, such as those shown in Figures 
2D and 2E, the diffusion enhancing region is also doped such that its sheet doping density Pdope, 
sheet is equal the sheet density PQW, sheet of the quantum well region, i.e., to about 3 x 10 cm; i.e.: 

The sheet doping density Pdope, sheet of the diffusion enhancing region is equal to the product of the 
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required bulk doping density Pdope in, and the thickness tDER of, the diffusion enhancing region. Thus 
the required bulk doping density Pdope of the diffusion enhancing region is given by: 
Pdope = P" x tQW DIVIDED tDER 
or 

Pdope = Pdope, sheet DIVIDED tDER APPROX 3x10 DIVIDED tDER 

Thus, the bulk doping density required in the diffusion enhancing region 41 to induce a given hole 
density in the quantum well region is inversely proportional to the thickness of the diffusion enhancing 
region. 

Although this disclosure describes illustrative embodiments of the invention in detail, it is to be 
understood that the invention is not limited to the precise embodiments described, and that various 
modifications may be practiced within the scope of the invention defined by the appended claims. 



Data supplied from the esp@cenet database - 12 

Claims 



1. A method of making a vertical cavity surface-emitting laser (11) comprising the steps of: 

depositing a layer of doped semiconductor material having a first conductivity mode to form a first 
mirror layer (15); 

depositing a layer of semiconductor material on the first mirror layer to form an active layer (13), the 
step of depositing the layer of semiconductor material including the steps of: 

forming a quantum well region (19), and 

forming a diffusion enhancing region (41) by doping the semiconductor material with an acceptor 
impurity to such a high concentration that holes induced in the quantum well region by the diffusion 
enhancing region predominate over electrons therein by about one order of magnitude; and 

depositing a layer of doped semiconductor material having a second conductivity mode on the active 
layer to form a second mirror layer (17). 

2. The method of claim 1, in which, in the step of forming the diffusion enhancing region, the 
semiconductor material is doped with the acceptor impurity only while depositing a region (32) of the 
active layer outside the quantum well region, or the the semiconductor material is doped with the 
acceptor impurity while depositing a region of the active layer encompassing the quantum well region, 
or the diffusion enhancing region is a delta-doped region. 

3. The method of claim 1 or 2 in which the semiconductor material deposited as the active region is a 
group lll-V semiconductor material, and the acceptor impurity is selected from a set consisting of group 
II elements and group IV elements. 

4. The method of any one of the preceding claims, in which: 

in the step of forming the quantum well region, quantum wells (e.g., 51, 53, 57) having a total thickness 
tQW are formed; and 

in the step of forming the diffusion enhancing region, the diffusion enhancing region is formed by 
doping the semiconductor material of the active layer with the acceptor impurity at a sheet density 
Pdope, sheet such that the density of holes P' induced by the diffusion enhancing region in the 
quantum well region exceeds 10 cm, the sheet density Pdope, sheet of the acceptor impurity in the 
diffusion enhancing region being approximately P' x tQW. 



S.The method of any one of claims 1 to 3, in which: 

in the step of forming the quantum well region, quantum wells (e.g., 51, 53, 57) having a total thickness 
tQW are formed; and 
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in the step of forming the diffusion enhancing region, the diffusion enhancing region is formed with a 
thickness tDER, and the semiconductor material of the active layer is doped with the acceptor impurity 
to a concentration Pdope such that the density of holes P' induced by the diffusion enhancing region in 
the quantum well region exceeds 10 cm, the concentration of the acceptor impurity Pdope depending 
on the density of holes P' in the quantum well region, the thickness of the quantum well region and the 
thickness of the diffusion enhancing region according to the expression Pdope = P x tQW/tDER. 



6.A vertical cavity surface-emitting laser comprising: 

a first mirror layer (15) of doped semiconductor material having a first conductivity mode; 

an active layer (13) of semiconductor material adjacent the first mirror layer, the active layer including: 

a quantum well region (19), and 

a diffusion enhancing region (41) in which the semiconductor material is doped with an acceptor 
impurity to such a high concentration that holes induced in the quantum well region predominate over 
electrons therein by about one order of magnitude; and 

a second mirror layer (17) adjacent the active layer and remote from the first mirror layer, the second 
mirror layer being a layer of doped semiconductor material having a second conductivity mode. 



7. The laser of claim 6, in which the diffusion enhancing region is located outside the quantum well 
region in the active layer, or in which the diffusion enhancing region encompasses the quantum well 
region in the active layer, or in which the diffusion enhancing region is a delta-doped region in the 
active layer. 

8. The laser of claim 6 or 7 in which the semiconductor material of the active region is a group lll-V 
semiconductor material, and the acceptor impurity is chosen from a set consisting of group II elements 
and group IV elements. 

9. The laser of any one of claims 6 to 8, in which: 

the quantum well region includes quantum wells (e.g., 51, 53, 57) having a total thickness of tQW; and 
in the diffusion enhancing region, the semiconductor material of the active layer is doped with the 
acceptor impurity at a sheet density Pdope, sheet such that the density of holes P' induced by the 
diffusion enhancing region in the quantum well region exceeds 10 cm, the sheet density Pdope, sheet 
of the acceptor impurity being approximately P' x tQW. 



10. The laser of any one of claims 6 to 8, in which: 

the quantum well region includes quantum wells (e.g., 51, 53, 57) having a total thickness of tQW; 
the diffusion enhancing region has a thickness tDER; and 

in the diffusion enhancing region, the semiconductor material of the active layer is doped with the 
acceptor impurity at a concentration Pdope such that the density of holes P' induced by the diffusion 
enhancing region in the quantum well region exceeds 10 cm, the concentration of the acceptor impurity 
Pdope depending on the density of holes P' in the quantum well region, the thickness of the quantum 
well region and the thickness of the diffusion enhancing region according to the expression Pdope = P 
x tQW/tDER. 
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